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Abstract
Mucosal T lymphocyte responses in the female reproductive tract, the primary site of HIV
transmission in women, may be critical for initial control of virus infection. In addition,
characterization of genital immune responses to HIV will be important for the development of a
vaccine capable of preventing infection by this route. We analyzed lymphocytes isolated from
vagina and cervix of chronically SIV-infected macaques for the frequency of SIV Gag tetramer-
binding cells and expression of chemokine receptors. We found that the frequency of SIV-specific
CD8+ T cell responses was 3- to 30-fold higher in genital tissues than in peripheral blood. SIV-
specific CD8+ T cells in genital tissues expressed high levels of CXCR3 and CCR5, chemokine
receptors normally expressed on memory T cells that home to inflamed tissues. Cells expressing
CXCR3 colocalized with its chemokine ligand CXCL9 (MIG, monokine induced by interferon
gamma) in the vaginal lamina propria. These results indicate that the frequency of SIV-specific
CD8+ T cells in the female genital mucosa is enriched compared with peripheral blood and
provide initial information regarding the signals that direct recruitment of T cells to the female
reproductive tract.

Introduction
Sexual transmission of HIV infection to women occurs predominantly across cervicovaginal
mucosal surfaces. Primate studies have shown that SIV can enter the epithelium of the
vaginal mucosa and infect intraepithelial dendritic cells within 60 minutes of exposure to
cell free virus, with virus-infected cells appearing in local lymph nodes within 18 hours 1.
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Virus-specific immune responses in genital mucosa are therefore likely to be critical for
initial control of vaginal infection with HIV or SIV.

The presence of HIV- and SIV-specific T cells in the genital mucosa of women and female
rhesus macaques has been reported by several groups. Kaul et al demonstrated that HIV-
specific CD8+ cytokine responses were lower in lymphocytes isolated from the cervix than
in peripheral blood of HIV infected women, while in exposed uninfected subjects these
responses were higher in cervix than in blood 2. Virus-specific cytotoxic T cell activity has
also been shown following in vitro stimulation of T cells isolated from cervical specimens
from HIV-infected women 3 and SIV-infected macaques 4. High frequencies of SIV-specific
CD8+ T cell responses were reported in cervicovaginal tissues in SIV-infected macaques 5
and in macaques vaccinated with the live attenuated SHIV 89.6 vaccine 6. While these
studies establish the presence of functional cellular immune responses in the female genital
mucosa, they have provided only limited information regarding molecules mediating
trafficking of virus-specific cells to genital mucosa.

The events that control trafficking of virus-specific lymphocytes into tissue compartments,
and particularly genital mucosa, are incompletely understood. Molecules known to
participate in this process include chemokines and their receptors, which have been shown
to regulate lymphocyte traffic in normal and inflammed tissues 7. Chemokines produced in
inflammation induce the migration of lymphocytes expressing CXCR3, CCR5 and other
receptors for inflammatory chemokines into the inflamed tissues. This differential
expression of chemokines by tissues has been implicated in the control of CTL trafficking to
sites of viral replication 8.

In this study of SIV-infected female rhesus macaques, the frequency of CD8+ T cells
specific for the immunodominant Mamu-A*01-restricted SIV Gag181–189 epitope 9 was
determined in blood, mucosal tissues, and secondary lymphoid organs by flow cytometry
using peptide/MHC class I tetramers. SIV-specific CD8+ T cells were analyzed for
expression of receptors known to participate in lymphocyte trafficking, including the
chemokine receptors CXCR3, CXCR4, CCR5, and CCR7. SIV-specific CD8+ T cells in
genital mucosa expressed high levels of CXCR3 and CCR5 relative to expression in
peripheral blood. The results presented here demonstrate a significant enrichment of SIV-
specific CD8+ T cells in the genital mucosa of infected female macaques and that
inflammatory chemokines and their receptors play a role in directing cells to these tissues.

RESULTS
SIV-specific CD8+ T lymphocyte responses are enriched in vaginal and cervical mucosae

SIV-specific CD8+ T cell responses were evaluated in blood, genital mucosa and secondary
lymphoid organs of 7 female SIVmac239-infected rhesus macaques at necropsy using
techniques similar to those previously published by our group 10–13. All of the monkeys
studied were positive for the Mamu-A*01 class I MHC allele, allowing the use of
Gag181–189 /Mamu-A*01 tetramers for detection of Gag-specific CD8+ T cells by flow
cytometry. SIV-specific CD8+ T cells were detected in lymphocytes isolated from cervical
and vaginal mucosae of all 7 monkeys at frequencies between 3 and 30-fold higher than
those found in peripheral blood (mean enrichment=12.7 fold for blood vs.vagina or cervix;
p=0.018 blood vs. vagina; p<0.028 blood vs. cervix, Wilcoxon Signed Rank Test) (Table 1).

To determine whether the observed difference in the frequency of SIV-specific CD8+ T cells
in genital mucosa and blood was specific to tissues of the reproductive tract, lymphocytes
isolated from intestinal mucosae, spleen and lymph nodes of 5 monkeys infected with wild
type or attenuated SIV were analyzed for Gag tetramer-binding cells. The frequency of
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tetramer+ lymphocytes was found to be up to 20 times higher in secondary lymphoid and
mucosal tissues than in peripheral blood of the same animal (Table 1). However, the
percentage of SIV-specific cells in these sites were quite similar within each animal,
differing by just 1.5 to 3.3-fold. SIV-specific cells were increased relative to blood in lymph
nodes of all six monkeys, with an average fold enrichment of 5.6. In summary, all lymphoid
and mucosal tissues examined were enriched in SIV-specific CD8+ T cells relative to
peripheral blood.

Detection of SIV tetramer+ cells in vaginal biopsies of monkeys immunized with attenuated
SIV

The high frequency of virus-specific CD8+ T cells found in genital mucosal tissues
suggested that a method for following these responses over time in living animals would be
advantageous for nonhuman primate vaccine studies. We therefore developed a vaginal
biopsy technique that permitted us to isolate a sufficient number of cells to perform serial
tetramer analyses at 2 to 4 week intervals. Ten to 12 individual pinch biopsies were
collected from individual animals at one time, yielding up to 3 million cells. Histological
analysis of representative specimens demonstrated that the biopsies included tissue from
epithelium and lamina propria with some variation among biopsies (data not shown). Blood
and lymphocytes isolated from vaginal biopsies from 6 monkeys immunized with the
attenuated SIV vaccines SIVmac239Δ3 or SIVmac239Δnef were analyzed for the frequency
of tetramer positive cells. The attenuated SIV-immunized animals exhibited increased
frequencies of tetramer positive cells in vaginal mucosa equivalent to those seen in monkeys
infected with wild type SIV, with relative enrichment compared with blood ranging from 2
to 11-fold (Figure 1).

Chemokine receptor expression on genital CD8+ T cells
Interactions between chemotactic cytokines and receptors expressed on lymphocytes provide
important signals for recruitment of lymphocytes into tissues 7. To investigate the possibility
of a role for chemokines in directing genital homing of SIV-specific lymphocytes, we
studied expression of CXCR3 and CCR5, receptors for chemokines induced during
inflammation, on CD8+ T cells in blood and vagina lymphocytes. CXCR3 was expressed on
the majority of CD8+ T cells in both vagina and peripheral blood (representative data are
shown in Figure 2). CXCR3 was expressed on a significantly higher percentage of CD8+ T
cells in vagina than in blood (86% vs. 51%, p<0.05, Wilcoxon signed rank test). Mean
fluorescence intensity was also significantly higher for CXCR3 on CD8+ T cells from the
vagina than for CD8+ T cells in blood (p<0.05). While most of the CD8+ T cells in vagina
were positive for CXCR3, the frequency was significantly higher for tetramer+ cells than for
the total CD8+ T cell population in vagina (91% vs. 86%, p<0.05), and in peripheral blood
(71% vs. 51%, p<0.05). CCR5 expression on these cell populations displayed a pattern
similar to that of CXCR3 but did not reach statistical significance, a finding that may be
related to the fact that fewer animals were included in the analysis (Figure 2). In contrast,
expression of CXCR4, a receptor which participates in homeostatic lymphocyte trafficking
and is expressed on most circulating CD8+ T cells, was similar on tetramer+ and bulk CD8+

populations in blood and vagina (Figure 2). As expected, expression of CCR7, a chemokine
receptor that helps direct migration of central memory T cells into lymph nodes and is low
on tissue effector memory cells 14, was largely absent both on bulk CD8+ T cells and SIV
tetramer+ cells in vaginal tissue (Figure 2). The expression of receptors specific for
inflammatory chemokines on nearly all SIV tetramer+ cells in vaginal tissues suggests that
expression of chemokines recognized by these receptors may regulate localization of T cells
to the female reproductive tract.
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Expression of the CXCR3 ligand, CXCL9, in vaginal mucosa
To investigate whether the inflammatory chemokines that recognized the receptors
expressed on CD8+ T cells tracking to vaginal tissues are produced in situ, vaginal tissues
from SIV-infected macaques were stained with antibodies against CXCR3 and one of its
ligands, CXCL9 (MIG). Large numbers of CXCR3+ cells were detected in the vaginal
lamina propria, with high concentrations of positive cells localized to lymphoid aggregates
(Figure 3). Staining of adjacent tissue sections for CXCL9+ cells in the lamina propria,
which colocalized with CXCR3-positive cells within the aggregates (Figure 3). This
colocalization of CXCL9- and CXCR3-expressing cells in the vagina suggests a role for this
chemokine in regulation of lymphocytes trafficking to genital tissues.

Discussion
Accumulating evidence indicates that induction of HIV-specific CTL responses in genital
mucosa may be critical for initial control of vaginal infection with HIV or SIV. This study
demonstrates that SIV-specific CD8+ T cells are significantly enriched in the genital tract of
SIV-infected female macaques relative to peripheral blood, and provides evidence for a role
for receptors for inflammatory chemokines in directing the trafficking of these cells to
genital tissues.

Recruitment of specific lymphocyte subset into tissue compartments can be regulated by the
differential expression of chemokines in tissues 7. These chemotactic signals attract
lymphocytes expressing the appropriate receptors for the chemokines produced in the target
tissues. The selective expression of the chemokine receptors CXCR3 and CCR5 on the
majority of SIV tetramer-binding cells in the vagina suggests that these chemokines may
play a key role in the recruitment of T cells to the genital mucosa. The frequency of cells
expressing CXCR3 was highest among vaginal tetramer+ cells, and it was significantly
higher than total vaginal CD8+ T cells, blood tetramer+ cells, and total blood CD8+ T cells.
Our demonstration that cells producing CXCL9, one of three chemokines recognized by
CXCR3, localized in proximity to CXCR3+ cells in the vaginal lamina propria, further
supports the role of CXCR3 and its ligands in the recruitment of cells to tissues in the female
reproductive tract.

The enrichment of virus-specific cells in genital mucosae suggests that factors related to
infection with SIV can influence the migration patterns of these cells. Effects of several viral
proteins on chemokine production have been reported, including induction by HIV Nef of
MIP-1α and MIP-1β, chemokines ligands for CCR5, by macrophages 15. Expression of the
CXCR3 ligand IP-10 CXCL10) can also be induced in dendritic cells in vitro by HIV Tat 16.
These findings suggest a scenario in which SIV infection of cells in vaginal mucosa may
induces chemokine production and recruitment of CD8+ T cells expressing the appropriate
chemokine receptors.
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Figure 1. Macaques infected with attenuated SIV strains have higher frequencies of SIV-specific
CD8+ T cells in vagina than in peripheral blood
Mononuclear cells isolated from blood and vaginal biopsies were stained with anti-CD3 and
anti-CD8 antibodies and Mamu-A*01/SIV Gag181–189 tetramers. The percentage of
tetramer-positive cells was determined for CD3+CD8+ cells after gating on lymphocytes. A
minimum of 10,000 lymphocyte gated events were analyzed for each specimen.
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Figure 2. Differential expression of CXCR3 and CCR5 on SIV-specific CD8+ T cells in blood and
vagina
A. Expression of chemokine receptors on CD8+ T cells in the blood and vagina of a SIV-
infected macaque. The percentage of all CD8+ T cells expressing either the indicated
chemokine receptor, Gag tetramer, or both is indicated in the appropriate quadrant. B.
Histograms of expression of chemokine receptors on total CD8+ T cells (solid blue) or Gag
tetramer+ cells (red line).
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Figure 3. The chemokine receptor CXCR3 and chemokine CXCL9 (MIG) are expressed by cells
in vaginal epithelium and in a lymphoid aggregate in the lamina propria of a SIV-infected
macaque
Immunohistochemical staining was performed on paraffin-fixed tissues.
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